The ubiquitin-proteasome pathway (UPP) regulates critical cell processes, including the cell cycle, cytokine-induced gene expression, differentiation, and cell death. Recently we demonstrated that this pathway responds to oxidative stress in mammalian cells and proposed that activities of ubiquitinactivating enzyme (E1) and ubiquitin-conjugating enzymes (E2s) are regulated by cellular redox status (i.e., GSSG:GSH ratio). To test this hypothesis, we altered the GSSG:GSH ratio in retinal pigment epithelial cells with the thiol-specific oxidant, diamide, and assessed activities of the UPP. Treatment of cells with diamide resulted in a dose-dependent increase in the GSSG:GSH ratio resulting from loss of GSH and a coincident increase in GSSG. Increases in the GSSG:GSH ratio from 0.02 in untreated cells to ¢0.5 in diamide-treated cells were accompanied by dosedependent reductions in the levels of endogenous Ub-protein conjugates, endogenous E1Çubiquitin thiol esters, and de novo ubiquitin-conjugating activity. As determined by the ability to form E1-ubiquitin and E2s-ubiquitin thiol esters, E1 and E2s were both inhibited by elevated GSSG:GSH ratios. Inhibition of E1 was associated with the formation of E1-protein mixed disulfides. Activities of E1 and E2s gradually recovered to preoxidation levels, coincident with gradual recovery of the GSSG:GSH ratio. These data support S-thiolation/dethiolation as a mechanism regulating E1 and E2 activities in response to oxidant insult. Ubiquitin-dependent proteolytic capacity was regulated by the GSSG:GSH ratio in a manner consistent with altered ubiquitin-conjugating activity. However, ubiquitin-independent proteolysis was unaffected by changes in the GSSG:GSH ratio. Potential adaptive and pathological consequences of redox regulation of UPP activities are discussed.-Obin, M., Shang, F., Gong, X., Handelman, G., Blumberg, J., Taylor, A. Redox regulation of ubiquitin-conjugating enzymes: mechanistic insights using the thiol-specific oxidant diamide. FASEB J. 12, 561-569 (1998) Key Words: ubiquitin-proteasome pathway · E1 · E2 · glutathione · diamide · ubiquitin-activating enzyme THE UBIQUITIN-PROTEASOME pathway (UPP) 2 regulates critical cell processes including the cell cycle, cytokine-induced gene expression, differentiation, cell death, and the stress response (reviewed in refs 1-4). The hallmark of UPP activity is the covalent attachment of ubiquitin (Ub) to proteins (ubiquitinylation) to form Ub-protein conjugates. In this process, ubiquitin is first activated by the Ub-activating enzyme (E1) via formation of a thiol ester bond. Subsequently, the ubiquitin is linked to one of numerous ubiquitin carrier proteins (E2s), again via thiol ester linkage. Then the ubiquitin is ligated to the protein substrate either directly or after transfer of the ubiquitin to a thiol group on a ubiquitin ligase (E3s) (2-4). The best-recognized role for ubiquitinylation is selective targeting of proteins for rapid degradation by the 26 S proteasome, but evidence of important nonproteolytic functions for this process is rapidly emerging (5-7).
THE UBIQUITIN-PROTEASOME pathway (UPP) 2 regulates critical cell processes including the cell cycle, cytokine-induced gene expression, differentiation, cell death, and the stress response (reviewed in refs [1] [2] [3] [4] . The hallmark of UPP activity is the covalent attachment of ubiquitin (Ub) to proteins (ubiquitinylation) to form Ub-protein conjugates. In this process, ubiquitin is first activated by the Ub-activating enzyme (E1) via formation of a thiol ester bond. Subsequently, the ubiquitin is linked to one of numerous ubiquitin carrier proteins (E2s), again via thiol ester linkage. Then the ubiquitin is ligated to the protein substrate either directly or after transfer of the ubiquitin to a thiol group on a ubiquitin ligase (E3s) (2) (3) (4) . The best-recognized role for ubiquitinylation is selective targeting of proteins for rapid degradation by the 26 S proteasome, but evidence of important nonproteolytic functions for this process is rapidly emerging (5) (6) (7) .
Despite seminal roles for the UPP in essential cell processes, including responses to oxidative stress (8) , the regulation of UPP activity is poorly understood. We recently demonstrated that UPP activity is regulated in response to oxidative stress (9) (10) (11) . We observed a rapid loss of endogenous Ub-protein conjugates and down-regulation of Ub-conjugating activity in cells exposed to oxidative challenge with H 2 O 2 (9, 11) . Down-regulation of Ub-conjugating activity in response to H 2 O 2 reflects inhibited activities of Ub-activating enzymes (E1A/B) and ubiquitin-conjugating enzymes (E2s) (10) . Inhibition of E1 and E2 activities is coincident with loss of the sulfhydryl reductant glutathione (GSH) and an increase in the levels of its oxidation product, GSSG (9) . Reestablishment of preoxidation levels of GSH and GSSG is coincident with recovery of E1 and E2 activities and Ub-conjugating activity (9, 11) . In conjunction with the presence of active-site thiols in all members of the E1/E2 (and E3) enzyme families (12) (13) (14) and the particular sensitivity of cysteine residues to oxidation (15) , these observations led us to propose a model in which inhibition and recovery of E1 and E2 activities after exposure to H 2 O 2 reflected S-thiolation/dethiolation of E1 and E2s in response to altered GSSG:GSH ratios (9) . H 2 O 2 can be transformed in vivo to ·OH and superoxide. These reactive oxygen species can damage various protein side chains (reviewed in ref 15) . To confirm that regulation of E1/E2 activities after H 2 O 2 treatment is thiol dependent, it is useful to determine whether oxidants that react only with sulfhydryls can elicit UPP responses similar to those observed during H 2 O 2 -induced stress. To that end, we used the thiolspecific oxidant diamide [diazenedicarboxylic acid bis (N,N-dimethylamide)] in this study. Diamide rapidly enters and reacts within cells to reversibly perturb the balance of redox-active thiols and their disulfide forms (9, 16) . Diamide preferentially oxidizes low molecular weight thiols (e.g., GSH) as opposed to protein thiols. GSH is the major nonprotein thiol in cells (1-10 mM); the addition of stoichiometric amounts of diamide to cells preferentially oxidizes GSH to GSSG. We observed that incubation of human retinal pigment epithelial cells (RPE) with diamide was associated with transient dose-dependent increases in the cellular GSSG:GSH ratio and with decreases in the levels of protein sulfhydryls (PSHs). These alterations in the cellular redox state were coincident with dose-dependent reductions in 1) levels of endogenous Ub-protein conjugates and endogenous E1ÇUb thiol esters, 2) the ability to form Ub-protein conjugates and E1ÇUb and E2sÇUb thiol esters de novo, and 3) the capacity to degrade protein substrates via the UPP. Reestablishment of the GSSG:GSH ratio during cellular recovery from diamide treatment was associated with restoration of these measures of Ub-conjugating activity. These results support the hypothesis that transient, reversible modulation of UPP activities after oxidative stress is regulated by cellular thiol redox status.
MATERIALS AND METHODS

Materials
Materials for protein electrophoresis and nitrocellulose (0.2 mm) were obtained from Bio Rad laboratories (Hercules, Calif.). Polyvinylidene difluoride (PVDF) membrane was purchased from Millipore (Bedford, Mass.). Coomassie Plus protein assay reagent was purchased from Pierce (Rockford, Ill.). Na 125 I and 125 I-labeled protein A were from DuPont NEN (Boston, Mass.). The ECL chemiluminescence kit was from Amersham Life Sciences (Arlington Heights, Ill.). High-performance liquid chromatography (HPLC) grade phosphoric acid was purchased from Fisher Scientific; MG132 was from Calbiochem (La Jolla, Calif.). All other materials were purchased from Sigma (St. Louis, Mo.) and were of the highest grade available. Ubiquitin and b-lactoglobulin were iodinated by reaction with chloramine T as described (17) .
Preparation of antisera against ubiquitin and E1
Preimmune serum and an antiserum that specifically recognizes conjugated Ub were obtained and characterized as described (9) . Rabbit antiserum recognizing the higher mass form (E1A, É117 kDa) of mammalian E1 (18) was raised against a synthetic peptide comprised of methionine-1 to cysteine-26 (19) . The antiserum recognizes both E1A and the E1AÇUb thiol ester under denaturing conditions. IgG was purified by affinity chromatography on a protein A column.
Exposure of RPE cells to diamide
Human SV40-immortalized RPE cells (repository #AG06095, Coriell Institute, Camden, N.J.) were cultured in 100 mm 2 tissue culture plates as described (9) . For the experiments, subconfluent cultures that had been fed 4-12 h earlier were washed twice with phosphate-buffered saline (PBS) and then incubated (37ЊC) for various periods of time with 8 ml of PBS (sham treatment) or with PBS containing 10-500 mM diamide. Total diamide per treatment (0.08-4.0 mm) was É2-to 100-fold greater than the average GSH content per plate (É40 nmol). PBS was then aspirated and the cells were harvested in one of the following: 1) 200 ml of ice-cold 10% phosphoric acid containing 1 mM bathophenanthrolinesulfonic acid and 50 nmol of the internal standard, g-glutamylglutamate (g-Glu-Glu); these samples were used to determine levels of GSH, GSSG, and PSH; 2) 200 ml of lysis buffer [5 mM TrisHCl, 4% sodium dodecyl sulfate (SDS), and 50 mM N-ethylmaleimide], followed immediately by boiling (10 min) and centrifugation (13,0001g, 10 min); the supernatants were immunoblotted to determine levels of endogenous Ub-protein conjugates and E1ÇUb and E2sÇUb thiol esters; or 3) icecold 50 mM Tris-HCl, pH 7.8, followed by sonication (two bursts of 4 s) and centrifugation (4500 g, 10 min) to obtain supernatant; these supernatants were used for assays of E1 and E2 activities (thiol ester assays) and for proteolysis assays. In some experiments, diamide-treated cells were washed twice with PBS after removal of diamide, refed with medium, and incubated for an additional 2 h to allow 'recovery' from diamide treatment. These cultures were collected as described above after aspiration of the medium and washing with PBS. All samples were stored at 080ЊC until use.
Levels of GSH, GSSG, and PSHs
GSH and GSSG were quantified as the dinitrophenyl derivatives by HPLC, with g-Glu-Glu as internal standard, using the procedure of Fariss et al. (20) with modifications. Details of this modified procedure will be reported elsewhere. Quantitation was based on integration of the internal standard. The sensitivity of the method allows us to reliably quantify 250 pmol of GSH or GSSG in our samples. Figure 1 . Dose-dependent effect of diamide (5 min) on levels of GSH, GSSG, and protein thiols (A) and of endogenous Ubprotein conjugates (B). GSH and GSSG values represent the average of duplicate samples, with no two replicates differing by more than 10%. Levels of protein thiols were determined in triplicate. Ub-protein conjugates were quantified in triplicate from immunoblots of RPE cell lysates probed with antiserum against Ub. All data are expressed as mean { SEM. (21) . Protein levels were determined by modified Lowry's using the Protein Assay Kit (Sigma) after neutralization and resolubilization of acid-precipitated protein pellets.
Detection of endogenous Ub-protein conjugates and of E1ÇUb and E2 25K ÇUb thiol esters by immunoblotting
Procedures for the preparation, electrophoresis, and immunoblotting of RPE samples are detailed elsewhere (9) . Briefly, RPE lysates were boiled in either SDS-PAGE (SDS-polyacrylamide gel electrophoresis) sample buffer containing 5% (final concentration) 2-mercaptoethanol or in thiol ester sample buffer containing SDS but lacking reductant. Samples prepared with thiol ester sample buffer retain Ub thiol esters of E1 and E2s. After SDS-PAGE (15% or 6% gels), proteins were transferred to either nitrocellulose or PVDF membranes. These were probed with anti-sera against Ub and E1. Specific binding was detected either with 125 I-labeled protein A, followed by autoradiography, or with the ECL kit (Amersham). Quantification was by scanning densitometry.
Formation of 125 I-labeled Ub-protein conjugates and 125 Ilabeled Ub thiol esters of E1 and E2s
The assays were done in 25 ml containing 50 mM Tris-HCl, pH 7.8, 100-150 mg RPE supernatant, 1 mM ATP, an ATP-regenerating system, and 0.5-2.0 mg 125 I-labeled Ub (2-4110 5 cpm) (22) . Some assays contained supplemental E1 (a generous gift from Dr. Martin Rechsteiner). Unless stated otherwise, assay mixtures did not contain dithiothreitol. Reactions were initiated with the addition of RPE supernatant. Assays were incubated at 37ЊC for the times indicated in the figure legends and terminated by boiling with SDS-PAGE sample buffer or thiol ester sample buffer. After SDS-PAGE (15 or 6% gels), gels were stained, dried, and subjected to autoradiography. Adducts of RPE proteins and radiolabeled Ub were quantified by densitometry. Functional E1 and E2 enzymes were distinguished from Ub-protein conjugates by comparing autoradiograms of samples electrophoresed in the presence or absence of 2-mercaptoethanol.
Proteolysis assays
Ub-dependent degradation of 125 I-labeled b-lactoglobulin (5110 5 cpm/mg) by RPE supernatant was assayed as previously described (17) . ATP-dependent proteolysis was determined to be exclusively via the UPP, since all ATP-dependent proteolysis was blocked by the proteasome inhibitor MG132 (80 mM final concentration) (22) .
RESULTS
To determine whether oxidation of cellular GSH results in reduced levels of endogenous Ub-protein conjugates, we exposed RPE cells to 0-500 mM diamide for 5 min and quantitated levels of GSH, GSSG, protein thiols, and endogenous Ub-protein conjugates. GSH levels decreased in a dose-dependent manner in cells exposed to ¢10 mM diamide, with a 90% loss observed in cells exposed to 250 mM ( Fig  1A) . The loss of GSH was coincident with increased levels of its oxidation product GSSG and an even greater increase in the GSSG:GSH ratio. In shamtreated cells, the GSSG:GSH ratio was 0.02. This ratio increased by 25-fold to 0.5 in cells exposed to 50 mM diamide and attained values of more than 1.5 (75-fold) in cells exposed to ú100 mM diamide ( Fig 1A) . Loss of protein thiols (a measure of protein-disulfide formation) was detectable in cells exposed to 250 mM diamide (Fig. 1A) . Despite significant oxidation of GSH in RPE cells exposed to 50 and 100 mM diamide, reducing equivalents remained adequate to protect PSHs from the formation of disulfides.
Diminished levels of GSH in cells exposed to 50-250 mM diamide were accompanied by dose-dependent reductions in levels of endogenous Ub-protein conjugates, with an approximately 45% loss in cells exposed to 250 mM diamide (Fig 1B) . Levels of Ubprotein conjugates tended to be greater in cells treated with 500 mM diamide than in cells treated with 250 mM diamide (Fig 1B; see Discussion).
To determine whether reductions in endogenous Ub-protein conjugates in diamide-treated cells were 125 I-Ub thiol esters. Molecular mass markers (kDa) are at left. The intensely radiolabeled bands at the top of the gel (ú200 kDa) are comprised almost entirely of 125 I-Ub-protein conjugates, based on their resistance to 2-mercaptoethanol. The intensely radiolabeled É17 kDa band is the 125 I-Ub dimer.
due to inhibition of Ub-conjugating enzyme activities, we assessed the relative activity of Ub-activating enzyme E1A in RPE cells exposed to 0-500 mM diamide for 10 min (Fig. 2) . Activity was assessed as the proportion of E1A found as the Ub-thiol ester. The E1AÇUb thiol ester (E1AÇUb, 128 kDa) is distinguished from native E1A (120 kDa) by its slightly retarded electrophoretic migration. The thiol ester linkage with Ub is confirmed by destruction in the presence of 2-mercaptoethanol (not shown). In sham-treated cells and cells exposed to 10 mM Ç100 mM diamide, levels of E1AÇUb were twofold greater than the levels of native E1A, reflecting high levels of E1A catalytic activity (Fig 2, lanes 1-4) . In cells exposed to 250 mM diamide, however, the levels of E1AÇUb were less than or equal to levels of native E1A (Fig. 2, lanes 5 and 6) . The losses were coincident with the formation of higher mass (135-160 kDa) immunoreactive E1A species (Fig. 2 , lanes 5 and 6, labeled with an asterisk). These higher mass E1A-containing species are likely to be disulfidelinked hetero-oligomers, since E1 was quantitatively recovered after treatment of samples with 2-mercaptoethanol (data not shown). The hetero-oligomers were presumably formed with E1A and smaller proteins, since they migrated well ahead of the predicted M r for E1 oligomers (ú200 kDa) on SDS gels. Loss of E1AÇUb in these experiments is therefore likely to reflect formation of disulfide bonds. This conclusion is consistent with the observation that in cells exposed to 50 and 100 mM diamide, the increase in the GSSG:GSH ratio was not accompanied by a detectable loss of PSHs (Fig 1A) and was insufficient to significantly inhibit E1ÇUb formation (Fig. 2, lane  3) . Rather, loss of E1ÇUb occurred only in the presence of diamide concentrations that induced a detectable loss of PSHs (i.e., 250 mM, 500 mM) (Fig. 1A  and Fig 2, lanes 5 and 6) .
Although reduced levels of endogenous E1ÇUb thiol esters are mechanistically consistent with reduced levels of endogenous Ub-protein conjugates in cells exposed to ú100 mM diamide, our inability to to detect the loss of E1 activity prevented us from ascribing the diminished levels of endogenous Ubprotein conjugates in cells exposed to 50 and 100 mM diamide to an inhibition of E1 activity (Fig. 1B) 
125 I-Ub and E2sÇ 125 I-Ub in ATP-supplemented supernatants from RPE cells that were exposed to 0-500 mM diamide (10 min). E1Ç 125 I-Ub was identified on autoradiograms with an apparent mass of 130 kDa, and 5 E2sÇ 125 I-Ub species were resolved with apparent masses between 22 and 40 kDa (Fig. 3) .
125
I-Ub were reduced by 16 and 32%, respectively, in supernatants derived from cells exposed to 100 mM diamide ( Fig. 3 ; compare lane 4 with lanes 1-3). Diminished E2 activities in cells exposed to 100 mM diamide appeared to be functionally significant, since they were associated with 40% reductions in the synthesis of high mass be due entirely to reduced E1 activity. Subsequent experiments were designed to determine whether E2s were directly inhibited in diamide-treated cells. These experiments compared rates of formation of E2Ç (Fig. 4; compare lanes 1 and 3) . The addition of exogenous E1 resulted in a threefold increase in levels of E1Ç 125 I-Ub (Fig. 4; I-Ub-protein conjugates remained lower in E1-supplemented supernatant from diamidetreated cells than did levels generated by supernatant from sham-treated cells in the absence of exogenous E1 (Fig. 4; compare lane 4 vs. 1 ). This occurred even though E1 activity was greater in supernatants from diamide-treated cells (Fig. 4; compare lane 4 vs. 1 ). These results demonstrate that at least some capacity for formation of E2ÇUb thiol esters and Ub-protein conjugates is compromised in diamide-treated cells independent of the inhibition of E1 activity.
If, as hypothesized, E1 and E2 activities are regulated within cells by thiol redox status, E1 and E2 capacities to form thiol esters with Ub should be inhibited when the cellular GSSG:GSH ratio is elevated and should recover when GSSG:GSH ratio has returned to preoxidation levels. To test this prediction, we exposed RPE cells to 250 mM diamide for varying lengths of time and correlated the GSSG:GSH ratio with measures of Ub-conjugating activity either immediately after exposure to diamide or during cellular recovery after removal of diamide.
Temporal dynamics of the GSSG:GSH ratio response to 250 mM diamide are presented in Table 1 . In sham-treated cells, the GSSG:GSH ratio was 0.02, reflecting an average GSH concentration 50 times greater than the concentration of GSSG. Within 2 min of exposure to diamide, the GSSG:GSH ratio increased by 170-fold due to the combined effects of a 10-fold loss of GSH and a ú15-fold increase in GSSG. There was also a 25% loss of total glutathione relative to levels measured in sham-treated cells. This reduction in nonprotein thiols is likely to reflect protein Sthiolation, since it was associated with loss of PSH (Fig. 1) . It may also reflect extracellular secretion of I-labeled Ub-protein conjugates; molecular mass markers are at left. B) Nonreducing SDS-PAGE (15%); abbreviations are as in Fig. 4 ; molecular mass markers are at left. C) Nonreducing SDS-PAGE (6%); thiol esters of E1A (E1A-Ub) and E1B (E1B-Ub) are resolved. One of three experiments is presented.
GSSG (23) . After 5 min of treatment, GSH, GSSG, and the GSSG:GSH ratio were essentially unchanged from the 2 min value ( Table 1) . Evidence of recovery from thiol oxidation due to diamide was detected by 10 min of treatment. Specifically, the GSSG:GSH ratio decreased sevenfold-from 2.8 to 0.4-due to a threefold increase in GSH and a comparable decrease in GSSG. However, the GSSG:GSH ratio was still elevated ú20-fold relative to control values and total glutathione remained depleted. By 30 min of treatment, cells exhibited an additional twofold decrease in GSSG but no significant increase in GSH. Consequently, the GSSG:GSH ratio decreased by twofold, but was still eight times greater than in control levels. Levels of total glutathione, although elevated over levels measured after 10 min, were still reduced relative to control values. The time-dependent recovery of the GSSG:GSH ratio does not reflect consumption of diamide, because treatment medium that was preincubated with RPE cells for up to 25 min was able to fully diminish GSH levels when transferred to fresh RPE cell cultures and incubated for an additional 5 min (data not shown). After removal of diamide and 2 h of recovery in a complete medium, levels of GSH, GSSG, and total glutathione in the cells were comparable to levels measured in sham-treated cells, and the GSSG:GSH ratio was completely reestablished to preoxidation levels (0.02).
The supernatants were also assayed for their ability to generate E1Ç I-Ub-protein conjugates. Autoradiograms revealed that coincident with maximal increases in the GSSG:GSH ratio (Table 1) , the capacity to generate E1Ç 125 I-Ub and E2sÇ 125 I-Ub was compromised by É50% within 5 min of exposure to diamide (Fig 5B;  compare lanes 1 and 2) . Analysis of E1Ç 125 I-Ub on lower percentage gels indicated that thiol esters of both E1 isoforms (E1A, E1B) were reduced similarly in diamide-exposed cells (Fig. 5C) . Reductions in the measures of E1 and E2 activities remained unabated after 10 min of exposure ( Fig. 5B ; compare lane 3 with lane 1), despite the decrease in the GSSG:GSH ratio (Table 1) . These diminished E1 and E2 activities in supernatant from cells exposed to diamide for 5 and 10 min were reflected in ú75% reductions in levels of all 125 I-Ub-protein conjugates ( Fig. 5A ; compare lanes 2 and 3 with lane 1). Endogenous Ub-protein conjugates detected on immunoblots were also reduced by more than 75% (data not shown). Coincident with recovery of the GSSG:GSH ratio to 0.16 (Table 1) , we noted partial recovery of E1 and E2 activities and levels of 125 I-Ub-protein conjugates in cells incubated with diamide for 30 min (Fig. 5A, B ; compare lane 4 with lanes 2 and 3). However, these measures were still õ50% of sham values (Fig. 5A, B ; compare lane 4 with lane 1). After a 2 h recovery, E1 and E2 activities returned to preoxidation levels ( Fig.  5B ; compare lane 5 with lane 1), and levels of 125 I-Ubprotein conjugates synthesized de novo were equivalent to or in some cases exceeded levels measured in supernatants from sham-treated cells (Fig. 5A ; compare lane 5 with lane 1). This recovery of Ubconjugating activity was coincident with full reestablishment of the cellular GSSG:GSH ratio and total glutathione (Table 1) .
To determine whether redox-related alterations in Ub-conjugating activity affect Ub-dependent proteolytic activity, we determined the effect of diamide treatment and recovery from diamide on Ub-dependent degradation of an exogenous substrate ( . Diamide inhibits Ub-dependent proteolysis. RPE cells were treated for 10 min with PBS (sham) or with 250 mM diamide (diamide). Some diamide-treated cells were allowed to recover for 2 h after diamide washout (recovery). ATP-supplemented and ATP-depleted cell supernatants obtained from these cells were incubated (1 h, 37ЊC) with 125 I-labeled b-lactoglobulin and 100 ng/ml Ub. Percent degradation (mean{SEM, nÅ4) was determined from acid-soluble cpm. UPP-dependent degradation was defined as the reduction in ATP-dependent proteolysis in the presence of MG132. Statistically significant differences between treatment means were determined by t tests, using Bonferroni adjustments for multiple comparisons. UPP-dependent degradation (hatched bars); UPP-independent degradation (blank bars). ***P õ 0.001, diamide vs. sham. Data are from two experiments performed in duplicate with different preparations of supernatant. labeled b-lactoglobulin). ATP-supplemented and ATP-depleted supernatants from sham-exposed, diamide-exposed, and 'recovered' RPE cells were incubated with substrate, after which acid-soluble cpm were counted and used to calculate percent of total degradation (ATP-supplemented) and percent of ATP-independent degradation (ATP-depleted). ATPdependent degradation (total degradation minus ATP-independent degradation) was entirely Ub dependent, since the proteasome inhibitor MG132 (22, 24, 25) completely blocked ATP-dependent degradation (data not shown).
Ub-dependent proteolysis was blocked almost entirely (90% reduction) in supernatants derived from diamide-treated cells (Fig. 6) . Reduced rates of UPP-dependent proteolysis were coincident with an increased GSSG:GSH ratio (Table 1 ) and reduced Ubconjugating activity (Fig. 5A, B, lane 3) . The capacity for Ub-dependent proteolysis was reestablished during the recovery from diamide treatment. Ub-conjugating activity and the GSSG:GSH ratio were similarly reestablished at this time (Fig. 5A , B, lane 5; Table 1 ). These results suggest that redox-associated fluctuations in Ubconjugating activity can have dramatic effects on processes under UPP control, including Ub-dependent proteolysis. In contrast to the effects of the redox state on UPP-dependent degradation of b-lactoglobulin, no diamide-associated changes were observed in the magnitude of ATP-independent degradation.
DISCUSSION
Redox regulation through reactive sulfhydryls is emerging as an important mechanism by which activities of thiol-dependent enzymes and transcription factors are modulated in vivo (26) (27) (28) . We recently proposed that Ub-conjugating activity is also regulated in vivo by cellular redox status (9) . Our model predicts that upon exposure to an oxidant (or oxidants), increases in the cellular ratio of oxidized to reduced glutathione (GSSG:GSH ratio) result in rapid S-thiolation of E1 and E2 active-site sulfhydryls by GSSG (glutathiolation), with a resultant reduction in the formation of E1ÇUb and E2sÇUb. These thiol esters are requisite intermediates in the protein ubiquitinylation pathway. This model is consistent with the previously demonstrated effects of exogenous alkylating agents and chemical reductants on E1 and E2 activities (29, 30) . Our model further predicts that E1 and E2 activities will remain compromised until reestablishment of GSSG:GSH ratios, which more closely approximate preoxidation levels, as would occur upon cellular recovery from oxidant insult. Although our earlier data were consistent with a thiol-dependent mechanism for regulation of E1 and E2 activities (9-11), use of H 2 O 2 as the oxidant left open the possibility that nonsulfhydryl amino acid side chains as well as the protein backbones of E1 and E2s were also oxidatively modified in these studies (15) . In the present study, use of the thiol-specific oxidant diamide allowed us to test more rigorously the hypothesis that E1 and E2 activities are directly regulated by the thiol redox status (GSSG:GSH) after oxidant challenge to cells.
As previously observed in studies of H 2 O 2 -treated retina tissue and RPE cells (9) , levels of endogenous Ub-protein conjugates and 125 I-Ub-protein conjugates formed de novo diminished when the the GSSG:GSH ratio increased to ¢0.5 in diamidetreated cells. This was due to diminished E1 and E2 activities, as indicated by a diminished capacity to generate E1Ç 125 I-Ub and E2Ç 125 I-Ub thiol esters in vitro. Activity was partially restored when the GSSG:GSH ratio fell below É0.4 (Table 1 and Fig. 5 ). The consistency of these results with those of a previous study in which exogenous GSSG and GSH were added to RPE supernatant to mimic the effects of oxidation (9) indicates that Ub-conjugating activity is significantly inhibited when the cellular GSSG:GSH ratio increases to 0.4-0.5. Full reestablishment of E1 and E2 activities was observed during posttreatment recovery, when the GSSG:GSH ratio was fully restored to its preoxidation value (0.02). Based on loss of PSH and the detection of disulfidelinked aggregates on SDS-gels, diminished E1 activity appears to involve formation of E1-protein mixed disulfides. E1 possesses 16 cysteine residues, and thus contains multiple targets for S-thiolation in addition to the active-site sulfhydryl. Consistent with data from bovine lens epithelial cells (10), E2 thiol ester activity was inhibited in part independently of reduced E1 activity, since enhancing the level of E1ÇUb by addition of purified E1 did not restore levels of E2sÇUb formed de novo in supernatants from diamidetreated cells. Inhibition of E2s in these experiments is almost certain to involve S-thiolation of the active site: with the exception of E2-25K (31), the activesite sulfhydryl is the only one found in E2s in RPE cells. Similar data were previously gathered using kinetic analysis (M. Obin, J. Jahngen-Hodge, and A. Taylor, unpublished results).
Although RPE cells treated with 500 mM diamide exhibited the largest increase in GSSG:GSH ratio and the most attenuated de novo Ub-conjugating activity, levels of endogenous conjugates were actually elevated in these cells relative to cells treated with 250 mM diamide. Steady-state levels of Ub-protein conjugates reflect net rates of conjugate assembly by ubiquitinylation as well as rates of conjugate degradation and/or disassembly by the 26 S proteasome and actions of Ub-specific isopeptidases. The highest concentration of diamide may have inhibited conjugate degradation or disassembly, thereby stabilizing extant conjugates. Ub-isopeptidases are likely candidates for inhibition by diamide, since these enzymes are also thiol dependent.
Ubiquitinylation is involved in a variety of critical biological processes. The best understood is Ub-dependent proteolysis, which regulates levels of numerous regulatory proteins and cell effectors (1) (2) (3) (4) . Data (Fig. 6) suggest that only the Ub-dependent proteolytic capacity was altered in response to oxidation, consistent with previous studies in this laboratory (10, 11) . Inhibition and subsequent reestablishment of the capacity for Ub-dependent proteolysis were coincident with the increase and subsequent recovery of the GSSG:GSH ratio. These data suggest that rates of Ub-dependent proteolysis can be regulated by the thiol redox state of cells. This regulation is likely to be nonselective with respect to substrates, since it apparently involves regulation of all E2s.
Reversible thiolation/dethiolation (and thus transient inhibition) of Ub-conjugating enzymes may serve several potentially adaptive functions in cells. First, as suggested for other regulatory molecules (32, 33) , thiolation/dethiolation may protect E1 and E2 from permanent oxidative damage and promote their reactivation when oxidant stress has abated. Second, rapid down-regulation of Ub-dependent proteolysis could protect proteins whose conformations may be only transiently altered by oxidation (e.g., protein disulfides) from Ub-dependent proteolysis, the predominant cellular mechanism for degradation of damaged and aberrant proteins (1-4) . If oxidant insult is not too severe or prolonged, oxidatively altered proteins can reattain functional conformations through the actions of a variety of dethiolases, reductases, and chaperonins (34, 35) . It is conceivable that down-regulation of Ub-dependent proteolysis protects potentially reparable proteins from untimely and wasteful degradation. Third, since Ub-dependent proteolysis of cyclins and regulators of cyclin-dependent kinases is intimately involved in cell cycle progression (1-4) , diminished Ub-dependent proteolysis in response to oxidant stress may facilitate an adaptive cellular 'checkpoint' response characterized by cell cycle arrest. Upon cellular recovery from stress, reestabishment of the GSSG:GSH ratio and UPP activity is expected to restore normal proteolytic regulation of cell cycle effectors.
However, reductions in UPP activity could conceivably become pathological if the GSSG:GSH ratio is chronically increased. Prolonged reductions in rates of ubiquitinylation could lead to the accumulation of damaged and/or obsolete proteins. Such proteolytic inactivation may be causally related to diseases and to pathologic states (e.g., cataract, neurodegenerations, 'normal' aging) that are characterized by chronic reductions in cellular GSH and by accumulation of nondegraded proteins within cells (36) (37) (38) .
